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A number of polymers have been proposed for use as propellants in space launch and thruster
applications based on laser ablation, although few prior studies have either evaluated their
performance at background pressures representative of the upper atmosphere or investigated
interactions with ambient gases other than air. Here, we use spatially and temporally resolved
optical emission spectroscopy to compare three polymers, poly(ethylene), poly(oxymethylene), and
glycidyl azide polymer, ablated using a 532 nm, nanosecond pulsed laser under Ar and O2 at
pressures below 1 Torr. Emission lines from neutrally and positively charged atoms are observed in
each case, along with the recombination radiation at the interaction front between the plasma
plume and the background gas. C2 radicals arise either as a direct fragmentation product or by a
three-body recombination of C atoms, depending on the structure of the polymer backbone, and
exhibit a rotational temperature of 5000 K. The Sedov–Taylor point blast model is used to infer
the energy release relative to the incident laser energy, which for all polymers is greater in the pres-
ence of O2, as to be expected based on their negative oxygen balance. Under Ar, plume confine-
ment is seen to enhance the self-reactivity of the ejecta from poly(oxymethylene) and glycidyl
azide polymer, with maximum exothermicity close to 0.5 Torr. However, little advantage of the lat-
ter, widely considered one of the most promising energetic polymers, is apparent under the present
conditions over the former, a common engineering plastic. VC 2017 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973697]
I. INTRODUCTION
Pulsed laser ablation (PLA) finds widespread use in
diverse applications, including pulsed laser deposition,1 laser-
induced breakdown spectroscopy,2 surface modification,3 and
laser propulsion.4 Relative to PLA in vacuum, additional
physical processes occur in the presence of background gas,
including shock wave creation and propagation,5 plasma con-
finement,6 and charge exchange during plasma formation and
expansion. Many techniques have been employed to charac-
terize the shock wave, including fast photography,6 shadow-
graphy,7 interferometry,8,9 time-gated emission imaging,10,11
or spectroscopy.12 Ablation of a broad range of materials has
been investigated, spanning liquids to multi-component solid
systems, under vacuum and in the presence of different pres-
sures of both inert and reactive background gases, using a
wide variety of laser types.13–16 Laser ablation of polymers in
low background pressures (1 Torr) has drawn relatively little
attention, however, perhaps because of the complex physico-
chemical properties of polymer samples and the relatively low
visibility of shock waves formed at low pressure.9
The promising performance of energetic or otherwise
exothermic polymers in laser ablation propulsion applica-
tions17–21 signals the need for a better understanding of the
plumes produced by laser–polymer interactions in the pres-
ence of background gases of varying pressure and chemical
nature. An understanding of the properties of the plasma
plume and its interaction with the surrounding environment
is key to envisioned space launches using ground-based
lasers, for example, since the propulsive efficacy of the
plume will be affected by the decline in ambient pressure
with increasing altitude. Several previous investigations at
(sea level) atmospheric pressure and in high vacuum have
been reported,22–24 but propulsion-focused laser ablation
studies of polymers in low-pressure ambient gas, as is rele-
vant to upper-atmosphere operation, are much rarer.25 Such
experiments also pertain to outer-space propulsion, since the
physics of both the ablation event and the resulting shock,
normally used to infer momentum transfer, are qualitatively
different for a confined plume. We explore the PLA of three
different polymers (detailed in Sec. II) using spatially and
temporally resolved optical emission spectroscopy (OES)
and time-gated emission imaging, with particular attention to
shock wave formation and propagation
II. EXPERIMENT
The apparatus and experimental procedures have been
described elsewhere.26,27 All data presented here were
obtained using just one ablation wavelength (532 nm) in the
form of 100 mJ pulses (energy incident on the target, arriv-
ing at 45 angle of incidence) with durations of 6–7 ns (mea-
sured full width at half maximum, FWHM). The polymer
targets, in the form of disks, were continuously rotated to
limit cumulative damage, and a new disk was used for each
experiment. The ablation chamber was evacuated to a
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pressure p 102 Torr before introducing either argon or
oxygen (representative non-reactive and reactive gases,
respectively) through a mass flow controller, yielding back-
ground pressures of up to 1 Torr. Spatially resolved spectra
of the plume emission in the range of 475 k 520 nm were
captured for distances 0 z 6 mm relative to the target sur-
face, using a time-gated, intensified charge-coupled device
(ICCD) camera attached to an imaging spectrograph, with
the entrance slit parallel to the direction of plume expansion.
A 532 nm notch filter was used to avoid unwanted detection
of laser light, and images of the total emission from the
plume (spectrally unresolved, 390–850 nm) could be
recorded by replacing the diffraction grating in the spectro-
graph with a mirror. Measurements were made using a 10 ns
gate width, at times across the range 0 t 2000 ns after the
peak of the laser pulse arriving at the target. As noted previ-
ously,26,27 the use of such a short gate width ensures that the
plume can be considered quasi-stationary during the observa-
tion period.
The polymers investigated were ultra-high molecular
weight poly(ethylene) (PE), poly(oxymethylene) (POM), and
glycidyl azide polymer (GAP), all in their natural form and
without fillers or plasticizers. PE and POM are stiff, white
materials, readily available commercially. GAP, a soft yel-
low elastomer, was prepared using the isocyanate curant
Desmodur N 100 (Covestro AG, Leverkusen, Germany) fol-
lowing the process described by Sun and Li.28 The chemical
structures of these polymers are shown in Fig. 1. PE was
chosen as a reference material, the thermochemical decom-
position of which could be expected to be maximally
exothermic in the presence of excess oxygen, and also the
most endothermic under inert gas. POM is widely used in
laser propulsion studies because of its relatively high specific
impulse under, for example, CO2 laser ablation.
18 GAP is a
so-called energetic polymer and is currently viewed as one
of the most promising candidate materials for laser micro-
propulsion.17,21 A fluence U 60 J cm2 (laser spot diameter
d 500 lm) was used for the ablation of POM and PE,
whereas U 120 J cm2 (d 350 lm) was employed for
GAP to compensate for its higher ablation threshold. The
large values of U employed here, above the plasma thresh-
old, were chosen to ensure maximal energy deposition and a
strong shock, both in order to minimize the influence of
varying optical properties between the materials and so that
the Sedov–Taylor solution for an adiabatic point blast could
be properly applied in the analysis.
III. RESULTS AND DISCUSSION
A. Polymer-dependent effects
Fig. 2 shows spatially resolved emission spectra and total
emission images measured using a 10 ns gate width at
t¼ 40 ns following 532 nm PLA of the three polymers in vac-
uum (p 102 Torr). The emitting material has visibly split
into two components by this time, one of which is expanding
rapidly, while the other remains near to the target surface. The
wavelength-resolved images identify the atomic and
molecular contributors to the total emission, and the observed
species show obvious correlations with the chemical structure
of the precursor polymer. Comparing the spectra of the
various plumes, that of PE is dominated by atomic emissions
from Hb and C (e.g., C I at 493.2 and 505.2 nm, and C II at
513.3, 514.4, and 515.1 nm) in this spectral range, while POM
and GAP additionally show O II emissions (486.9, 489.1,
490.7, 492.4, 494.1, and 495.5 nm). N II lines (in the range
498–504 nm) are also apparent in the GAP plume emission,
the strongest of which (501 nm) also appear weakly, as an
impurity, in panel (a). All line assignments were obtained
from the NIST Atomic Spectra Database.29 C2(d
3Pg–a
3Pu,
FIG. 1. Chemical structures of the three polymers investigated.
FIG. 2. Spatially resolved, wavelength- (k-)dispersed (left) and total (right) emission images measured at t¼ 40 ns following 532 nm PLA of (a) PE, (b) POM,
and (c) GAP under vacuum (p 102 Torr). The target surface is located at z¼ 0 mm, and the horizontal axis in the right hand images spans the range
1 r 1 mm in the plane orthogonal to z. The left- and right-hand images are displayed using logarithmic and linear false colour intensity (I) scales, respec-
tively, which are shown to the immediate right of the images. Key emission features are identified in the wavelength-dispersed spectra.
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Dv¼ 0) molecular emission (with the 0–0 band head at
517 nm, degraded to the blue) is clearly visible near the
surface of the PE and GAP targets, but is very much weaker
in the case of POM, reflecting the chemical composition of
the respective polymers: PE is based on a chain of C atoms,
whereas the backbones of GAP and POM consist of –CCO–
and –CO– units, respectively. Intuitively, therefore, only from
PE and GAP should one expect C2 as a direct fragmentation
product. The rotational structure of the C2 emission extends
beyond 485 nm. Comparison with spectral simulations using
PGOPHER30 and the spectroscopic constants given by
Brooke et al.31 suggests a minimal rotational temperature of
5000 K, which we take as representative of the near-surface
gas temperature.
B. Ambient gas effects
In the presence of background gas at pressures p 
0.1 Torr, the expanding ablation plume displaces the ambient
medium and produces an adiabatic compression (blast) wave
that propagates supersonically away from the target. A suffi-
ciently strong shock is accompanied by continuum emission
(principally due to recombination radiation) and can therefore
be followed in a sequence of time-gated images. Figure 3
shows illustrative images measured in Ar and in O2 at
t¼ 40 ns. As energy is dissipated into the downstream gas, the
shock velocity decreases toward the sound speed and the
internal pressure approaches ambient, leading to a progressive
slowing of the emission front and reduction in its intensity.
With greater background pressure, this emission will be stron-
ger, but the position of the shock front less advanced at any
given time. The wavelength-dispersed spectra also reveal
either Ar II lines when expanding into Ar, or (enhanced) O II
emissions with O2 as the background gas, which are observed
with maximum intensity at the shock. However, the two gases
differ in the spatial extent of their emission features: the Ar II
lines extend beyond the band of continuum emission, whereas
those of O II are more strongly confined within the shocked
volume. With an initial temperature of several electron-volts,
the principal constituents of the ablation plasma are neutral
species (mostly atoms), electrons, and singly charged ions, the
latter of which attain significantly higher velocities than the
neutrals11 and therefore carry much of the momentum of the
expanding plume. The shock is produced primarily through
the interaction of these ions with the neutral gas; indeed, Figs.
3(a) and 3(b) show C II emissions coincident with or slightly
behind the shock front, with which they expand at a common
velocity, while C I remains close to the target surface. The
spatially extended Ar II lines thus probably originate from col-
lisions with even more translationally excited multiplely
charged ions (cf. Fig. 2), which are individually highly ener-
getic but too few in number to contribute to shock formation.
That the same is not observed for O II can be understood as
the result of additional dissipative interactions applying to
oxygen but not to argon, such as rotational and vibrational
excitation, molecular dissociation, chemical reaction with
FIG. 3. Spatially resolved, wavelength-
dispersed (left) and total (right) emis-
sion images measured at t¼ 40 ns
following PLA of (a) PE in 0.5 Torr Ar,
(b) PE in 0.5 Torr O2, (c) POM in
0.5 Torr Ar, and (d) POM in 0.5 Torr
O2. Other details are as in Figure 2.
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carbon and hydrogen ions, and so on. Such relaxation chan-
nels provide for excitation to be partitioned into other than
electronic degrees of freedom, thus contributing to a relatively
reduced fluorescence yield.
Compared to the emission spectra of PE in vacuum, the
C I emission at small z appears relatively weaker in the pres-
ence of background O2 (Fig. 3(b)). The corresponding emis-
sion is difficult to observe under Ar due to the intense Ar II
lines. Later, t120 ns, a new band of C2 emission arises at
an intermediate position between the target surface and the
shock, as shown in Fig. 4(a). Its time of appearance is inde-
pendent of the identity of the background gas, and once visi-
ble, it appears to gain such speed (15 km s1) as to catch
up with the shock front, shown in Fig. 4(b). The Ar II and O
II emissions at small z (Figs. 3 and 4) indicate that the
plasma plume interpenetrates the ambient gas rather than
entirely displacing it, and so this fast-moving C2 emission
most likely arises via three-body recombination reactions
2(C I) þ M ! C2* þ M, where C2* represents an emitting
C2 species and M¼Ar or O2 is a gas molecule. The observed
C2(d
3Pg) fragments may either be formed in this emitting
state or arise via collisional/radiative relaxation from higher-
lying states. The internal energies (2–3 eV) of these
C2(d
3Pg) species are much smaller than those needed to pro-
duce any of the relevant atomic emissions, leading to a
greater relative contribution of C2 to the total emission as the
plasma temperature and density decline at later times.
The apparent acceleration and subsequent rapid propa-
gation of the C2 emission are less intuitive. We can envisage
at least two plausible explanations. The first recognises that
many of the precursor C atoms (or ions) are formed in highly
excited states and thus need to experience a series of de-
excitations (and/or electron captures) prior to recombining to
yield the observed C2(d
3Pg) products. Since the pressure and
temperature are greatest near to the target, recombination
occurs at first in this highly collisional environment, and
only later in the sparser outer plume. The high apparent
speed of the C2 emission can then be accounted for as a
phase velocity, rather than a group velocity, which is also
consistent with its “spreading” z-profile, quite distinct from
that of C2 formed (and remaining) close to the origin. An
alternative explanation for the progressive appearance of C2
emission at longer distances from the target may be that all
O2 at a particular location is at first consumed through reac-
tion with ablated C, Cþ, etc., to form CO and CO2 (which
then become the collision partners), and the observed C2
emission then emanates mainly from regions previously
depleted in O2. In this scenario, the expanding C2 emission
could indicate a combustion wave inside the shocked region.
B. Shock wave analysis
The Sedov–Taylor (S–T) self-similar point blast model
is widely used to describe the propagation of a spherical
shock wave. The S–T solution for the shock radius, R, is
given by32
R ¼ e0 Eq
 1
5
t
2
5; (1)
where E is the total energy release that drives the shock
wave, t is the time since the initiating event (here, the arrival
of the laser pulse at the target), q is the ambient mass den-
sity and e0 is a constant that depends on the specific heat
ratio, c, of the gas and is given (to a sufficient approxima-
tion) by32
e0 ¼ 75 c 1ð Þ cþ 1ð Þ
2
16p 3c 1ð Þ
" #1
5
: (2)
The overall energy coupling efficiency can thus be obtained
as the ratio, g¼E/E0, of the energy release required to pro-
duce an observed shock to the laser pulse energy, E0. With
sufficiently strong absorption of the incident radiation by the
target material, g may approach unity, but only through its
exothermic decomposition can this limit be exceeded.
Clearly, any evaluation of g rests on an accurate deter-
mination of R, but in practice the shock front is spatially
blurred by the effects of viscosity, heat conduction, and so
on, thereby departing from the ideal step discontinuity.
Various methods have been proposed for determining the
location of a shock front based on the leading edge of the
FIG. 4. Spatially resolved emission
spectra measured at t¼ (a) 150 ns and
(b) 300 ns following PLA of PE under
p(O2)¼ 0.8 Torr. The main images are
displayed using the logarithmic false
colour intensity (I) scale shown at the
far right of each image; the highlighted
areas (bounded by the dashed rectan-
gle) use the inner (expanded) intensity
scale.
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luminous front in an emission image,11 e.g., by taking the
position at which the emission intensity, I, reaches half of its
peak value.33 Assuming that emission intensity usefully
reflects the underlying physical parameters, we have tested
two measures, both proxies for rapid change in the local den-
sity and temperature: the point of half-maximum intensity,
RI,1=2, and that of maximum intensity gradient, Rg,max, at the
outermost rising edge of the I–z curve.
Figure 5(a) shows two plots of I vs. z for PLA of POM
in p(Ar)¼ 0.5 Torr, each recorded at t¼ 40 ns and normal-
ised to peak intensity. The profile drawn in black shows
emission in a0.7 nm-wide band centred at 510 nm, away
from any atomic emission feature (cf. Fig. 3) and therefore
representing only recombination radiation, while the red
curve is a cut through a total emission image along the target
surface normal at the laser spot position, (z, r¼ 0), as used in
prior work.34 The total emission decays less rapidly to large
z due to spatially extended C II and Ar II lines that are poorly
diagnostic of the shock position, but neither RI,1=2 nor Rg,max
is unduly sensitive to this potentially confounding long-
range tail and the recovered values exhibit only a small dis-
persion. Figure 5(b) shows shock radii versus time by all
four measures, again for POM under 0.5 Torr Ar, from which
it can be seen that the power law exponent in each case
remains sufficiently close to (although just above) the
nominal value of 2
5
expected from Eq. (1), despite the hemi-
spherical geometry of the present blast waves. Hereafter, we
exclusively employ R¼Rg,max derived from the spectrally
resolved data, both for the more direct physical interpretation
these values support and because its correct determination
does not rely (as does that of RI,1=2) on the recorded emission
intensity falling identically to zero ahead of the blast wave.
Figure 6 shows illustrative R–t curves for POM ablated
under different pressures of Ar and O2. The best-fit E values
derived from these data are collected in Table I, along with
the corresponding results for PE and GAP, the incident laser
energy used in each experiment, and finally the inferred
energy coupling efficiencies. The maximum pressure was
limited to below 1 Torr in order to avoid the onset of the
Rayleigh–Taylor instability and consequent turbulent mix-
ing, which would render determinations of E unreliable. The
use of the S–T model may overestimate E in certain cases,5
most notable of which for the present experiments are if the
flow velocity includes contributions from either adiabatic
expansion of the plasma or further thermal ionization at the
shock front. Since these effects will not differ much between
the polymers, we focus primarily on the relative values of g.
POM and GAP return much higher energy coupling effi-
ciencies under Ar than does PE, indicating contributions
from chemical energy stored in these materials, whereas PE
exhibits efficiencies always less than unity in the absence of
oxygen. These trends are further examined in Fig. 7: g
FIG. 5. (a) Illustration of RI,1=2 and Rg,max in I–z plots obtained by monitoring
either the total (red curve) or the 510 nm component of the wavelength-
dispersed emission (black curve) at t¼ 40 ns following 532 nm PLA of POM
in p(Ar)¼ 0.5 Torr. (b) Double-logarithmic plot showing the t-dependence
of the different measures of RI,1=2 (open points and dashed line) and Rg,max
(filled points and solid line), with the best-fit power law exponent and 1r
standard error (in parentheses) indicated in each case.
FIG. 6. R–t plots showing the shock position with respect to time after PLA
of POM in different pressures of (a) Ar and (b) O2. The continuous lines are
best fits in terms of Eq. (1).
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decreases with increasing p(Ar) for PE, while for POM it
increases up to p(Ar) 0.65 Torr, but declines with still
higher pressure. This can be understood in terms of collision
number, which scales with pressure: for a polymer lacking
the possibility of self-reaction, collisions only serve to ther-
malize the ejecta and support the diffusion of heat into the
ambient medium, reducing the energy coupling efficiency.
Given exothermic self-reactivity, however, collisional ther-
malization of excess electronic excitation improves the reac-
tion probability and hence is beneficial toward total energy
release, in addition to increasing the frequency with which
mutually reactive species encounter one another.
Nevertheless, for background pressure above a critical value,
unproductive collisions with Ar atoms begin to outweigh
those between potential reactants, and heat transport to the
surroundings becomes too rapid for complete reaction to
occur. Clearly, the optimum pressure must depend on the
polymer and the background gas, although the differences
between POM and GAP appear modest by this measure.
The presence of ambient oxygen leads to a much-
enhanced shock energy with all three polymers. As shown in
Fig. 7(a), PE exhibits a remarkable 10-fold greater total
energy release when ablated in p(O2)¼ 0.65 Torr than under
the same pressure of argon. As was observed with Ar, the
energy coupling efficiency for POM in oxygen is seen to
increase up to 0.65 Torr, then decline, as shown in Fig. 7(b);
however, the limiting pressure for PE appears somewhat
higher, >0.8 Torr. Again, this turn-over can be attributed to
increasingly efficient thermalization, but since PE requires
more external oxygen than does POM for its complete com-
bustion, maximal exothermicity is achieved at higher pres-
sure. Figure 8 compares the energy deposition following
PLA of all three polymers into Ar and O2 at p¼ 0.5 Torr. PE
shows much the lowest coupling efficiency (at all pressures)
in Ar, as expected for purely endothermic decomposition,
but returns comparable values of g to POM and GAP when
ablated in p(O2)¼ 0.5 Torr.
PE and POM have similar physical and optical proper-
ties, and so the most significant difference between them for
the present experiments is chemical, i.e., the presence of O
atoms in the latter. The current study thus highlights the role
of oxygen in enhancing the energy release on material abla-
tion and isolates one aspect of the good performance
afforded by POM in laser ablative propulsion. In contrast,
TABLE I. Shock energies and energy coupling efficiencies determined for
532 nm PLA of PE, POM, and GAP in different pressures (p 0.8 Torr) of
argon and oxygen. Figures in parentheses are 1r standard (statistical) errors.
Polymer Gas p/Torr E/mJ E0/mJ g (%)
PE Ar 0.25 72(11) 109(1) 66(10)
0.50 55(14) 109(1) 51(13)
0.65 34(9) 109(1) 31(8)
O2 0.20 147(17) 106(1) 139(16)
0.50 279(12) 108(1) 258(11)
0.65 389(7) 106(1) 368(7)
0.80 383(12) 107(1) 358(12)
POM Ar 0.50 129(8) 103(1) 126(8)
0.65 165(12) 103(1) 160(12)
0.80 130(12) 104(1) 124(12)
O2 0.20 160(13) 106(1) 151(12)
0.50 263(16) 108(1) 244(15)
0.65 277(24) 108(1) 257(22)
0.80 266(18) 105(1) 253(17)
GAP Ar 0.37 138(9) 111(1) 124(7)
0.50 142(13) 108(1) 132(12)
0.65 118(7) 108(1) 109(7)
O2 0.35 168(10) 107(1) 156(9)
0.50 283(12) 106(1) 267(12)
0.65 272(13) 106(1) 257(13)
0.80 187(15) 108(1) 173(14)
FIG. 7. Plots illustrating the variation of the energy coupling efficiency, g,
with respect to p(Ar) (black) and p(O2) (red) following 532 nm PLA of (a)
PE and (b) POM. The solid curves are merely indicative trend lines.
FIG. 8. Comparison of the energy coupling efficiencies, g, for the 532 nm
PLA of PE, POM, and GAP under 0.5 Torr of both argon and oxygen (open
and hatched bars, respectively).
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much prior work has taken poly(vinyl chloride) (PVC),
rather than PE, for comparison to other polymers;4 however,
the decomposition of PVC is not necessarily purely endo-
thermic since the HCl product has a larger bond enthalpy
than the C–Cl moiety in the polymer. The results shown in
Fig. 8 can be rationalized in terms of oxygen balance: the
surplus or deficit of oxygen, as weight percent, resulting
from the complete combustion of each of the polymers to
produce CO2 and H2O (and N2, in the case of GAP).
35 The
monomers of PE, POM, and GAP possess negative oxygen
balance (343%, 107%, and 121%, respectively), which
accounts for their significantly better performance under
ambient O2; indeed, the status of PE as a pure fuel without
any embodied oxygen enables a much larger maximal energy
release in the reactive environment (cf. Table I) than for
either of the other polymers. GAP is slightly more oxygen-
deficient than POM, but the shock energy of GAP is compen-
sated by the additional conversion of the azide group to N2.
Overall, POM and GAP yield similar results to one another,
for both choices of the background gas.
IV. SUMMARYAND CONCLUSIONS
Spatially and temporally resolved optical emission spec-
troscopy has been used to study plasmas formed by 532 nm
pulsed laser ablation of poly(ethylene), poly(oxymethylene),
and glycidyl azide polymer targets in low background pres-
sures (102 p 1 Torr) of both argon and oxygen. Atomic
lines from each of the elements within the respective poly-
mers are observed when ablating in vacuum (p 102 Torr).
Emission from C2 radicals is clearly observable near the sur-
faces of PE and GAP targets, but is much weaker in the case
of POM, indicating a significant dependence of the products
on the direct fragmentation of the polymer backbone. For
higher pressures and at sufficiently late time, additional C2
radical emission is observed further from (especially) the PE
and GAP target surfaces, which reflects the recombination of
C atoms in the presence of a third body, i.e., a gas molecule.
The evolution of the apparent velocity of this secondary C2
under O2 may indicate a combustion wave propagating out-
wards within the shocked volume. The Sedov–Taylor point
blast model has been applied to analyse the position of the
blast wave and deduce the energy release from each polymer
in relation to the laser pulse energy for a range of pressures.
With all three materials, the availability of reactive oxygen
leads to deflagration and thus to a much more exothermic
decomposition, in line with expectations given the oxygen
balance of the three substances. In an inert atmosphere, PE
unsurprisingly yields much lower energy coupling efficien-
cies than either of the other polymers, but little distinction
can be drawn between POM and GAP based on the present
experiments despite the latter having widely been recognized
as a promising energetic material.
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